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Abstract: 
The current cost to transport materials into space is approximated at $10,000 dollars per 
kilogram. Mass of payloads for human oriented space mission can be greatly decreased through 
obtaining resources in space. Water, being abundant on carbonaceous chondrite (C-type) 
asteroids, could provide radiation shielding, life support, and potential fuel. Resources could save 
NASA up to $10 billion annually for future manned missions, and be the starting point for a 
space highway. 
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1. Executive Summary 
 Humanity benefits from the advancement in technology made in the space industry. 
Technology created for use in space is often found to have applicable uses on Earth. More 
importantly, the ultimate goal of space exploration is the preservation of life on Earth. To do so, 
colonization is the only option. Asteroid mining technology will provide a necessary framework 
for future attempts at colonizing a planet. Mining resources in space allow for launch costs to be 
mitigated for colonization attempts saving room for new developing technology. The primary 
resource under consideration in the design of an asteroid retrieval mission is water.  
 This project outlines a spacecraft designed for a retrieval mission, as well as launch cost 
estimates. A combination of the two figures determine the overall feasibility for altering the 
trajectory of a Near Earth Asteroid (NEA). Initially, the paper overviews the classification of 
asteroid types. Researching the asteroid composition allows for determination of science 
payload. Overview is also given on the potential benefits and uses of mined resources.  
 After stating background research needed to understand the objectives of the mission, 
attention is given to designing the spacecraft’s payload. This is an important part of the design 
process for satellites as it allows the accurate estimations of the satellites overall structure. 
Payload mass calculations also attribute to a high percentage of the satellites overall final dry 
mass. Using this value the overall mass of the satellite can be determined. Mass is used as a 
starting point because it can be used with the rocket equation in order to calculate the missions 
fuel expenditure. Fuel budget is important because it is typically the largest contributor to both 
mass and cost of the spacecraft.  Finally, the paper overviews the mechanical design and mining 
equipment technology included in the spacecraft payload. Consideration is taken into the 
viability of lunar mining.  
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2. Introduction 
  Humanity is greatly invested in the long term success of the Space Industry. 
Space exploration not only contributes to society through innovational technology but it inspires 
the next generation of scientists. Possible solutions to the very question of our own existence can 
be explored as well. The space industry doesn’t provide direct benefits towards the economy, but 
it inspires the very act of conducting research. Currently, the space industry is in an upward 
trend. Projections estimate that the industry could reach upwards of 1 trillion dollars in 2040. 
The caveat to the projected growth is that intelligent economic solutions need to be determined 
to meet consumer demand.  
 Asteroid mining is a potential solution to the security of the long term growth of the 
space industry. Primarily, mined water would be used to reduce the launch cost future manned 
missions to space. Water is an essential resource in crewed missions to space because it accounts 
for a large majority of their life support system. H20 can also be separated into its constituent 
parts, providing both oxygen and power for hydrogen fuel cells. The potential uses for materials 
found in carbonaceous asteroids are abundant.  
 Near Earth Asteroids (NEA’s) are the best candidates for mining. Since their trajectory is 
close to earth’s orbit, it wouldn’t require massive propellant tanks. Previous work have 
documented potential asteroid candidates and outline possible transfer trajectories. Typical 
studies use Lagrange points as a transfer option. This uses NEA search databases to design a 
mission for earth circular orbit. The design process will cover the structural design of the 
spacecraft as well as the orbital maneuvers necessary for asteroid capture.  
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3. Carbonaceous Chondrites Asteroids 
Asteroids are typically classified by their spectral range, corresponding to the objects level of 
reflection. The two most abundant asteroid types are as follows: S-type (Stoney asteroid) or C-
type (Carbonaceous asteroid). C-type asteroids compose nearly 40% of all near earth asteroids 
[1], and are likely the best candidate for mining in space. The resources available on C-type 
asteroids, namely water, can stretch the furthest in terms of its uses. It is found that the 
competing spectral type doesn’t extend far on its potential applications in space. Its uses, 
however, may be important in future mission oriented towards manufacturing in space.  
C-type asteroids: 
Asteroids are difficult to get a hold of, there have been few successful missions researching the 
bodies. For this reason asteroid composition is found through its comparison with meteorites. C-
type asteroids belong to the carbonaceous chondrite family of meteorites, and are mainly 
composed of silicates, oxides, and sulfides [2]. CL type carbonaceous chondrites, in particular, 
have a high concentration of water reaching up to 22% [2]. CL chondrites are largely composed 
of silicates in the form of olivine and pyroxene, oxides, and sulfides. Typically reaching up to 
25% mass [3] magnetite is also abundant on these bodies. The following are examples showing 
the potential uses of mined material: 
Fuel: 
Both liquid hydrogen and oxygen provide the highest generated thrust and specific impulse (Isp) 
of all liquid fuel types. Bipropellant rockets, using hydrogen, are not currently used in most 
satellite systems, but are the method of choice in missions needing high thrust. Monopropellant 
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rockets are instead used for satellites because they are more easily stored and provide low 
impulses needed for attitude control.  
Liquid hydrogen could replace monopropellant rockets as the fuel of choice for attitude control. 
Using fuel outposts, satellites could be launched with a lower propellant budget. Decreasing the 
fuel would allow for satellite manufacturers to increase the thickness of radiation shielding 
present on the spacecraft. Fuel on average, usually makes up about 20kg of the 500kg total 
weight of satellites [4]. Taking into account the maximum radiation allowed for electronics of 8 
sievert [5], the increased shielding could reduce up to 60% of radiation. This could increase 
mission lifetime by nearly 5 years, saving satellite manufacturers upwards of $30 million usd per 
satellite (1/3 the cost of a satellite mission). 
Water can be split into both oxygen and hydrogen using a process called electrolysis or a method 
called Photocatalytic water splitting. Electrolysis works by sending a direct current through the 
water, which is combined with an ion carrying polymer. The polymer has free ions which turns 
the constituent into an ionic substance containing both positive and negative ions. Reduction 
happens when an ion gains electrons and is collected towards the anode while oxidization 
happens when an ion loses electrons and is collected towards the cathode.  
The viability of creating and storing rocket fuel in space is a major constraint when considering 
feasibility of refueling in space. Current systems already used on the international space station 
utilize similar principals to electrolysis and are used in the recycling system for life support. 
Since the system relies on electrical forces the process is not hindered by zero gravity. It takes a 
minimum of 237kJ of electrical energy to dissociate a mol of water [7]. Using the equation for 
solar irradiance (power per unit area): 
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Equation 1. Solar Irradiance 
Ib,n = Solar Irradiance 
I0 = Solar irradiance 1 AU from the sun 
A0 = constant 
A1  = constant 
K = Albedo 
θz = Inclination Angle of surface exposed to light  
 
We find that at the LaGrange point L1 the solar irradiance is 1400 W/m2. Comparing this value 
with the energy needed for dissociation, we arrive with the time needed to dissociate 1 mol of 
fuel per m2: 170 seconds. Taking into account the 40% efficiency of solar cells used in space [8], 
we arrive at 250 seconds. Using 100 square meters of solar panel would take approximately 
5,500 seconds to dissociate 10,000 mol of water. 3 days is a relatively low value, albeit 100 
square meters is a large solar array, and proves the feasibility of electrolysis for fuel production 
in space.  
One of the major motivations for producing fuel resources in space is that it is difficult to refuel 
space ships in orbit. The only object that is frequently refueled in space is the international space 
station. NASA is current working on the Robot Refueling Mission (RRM) which has 
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successfully docked onto the international space station for refueling demonstration.  RRM is the 
first example of many emerging satellite technologies. These robots work can minor repairs in 
addition to refueling, effectively doubling the lifetime of the fuel supply. There are no refueling 
robots in orbit now but they may soon reach the market; MDA a Canadian satellite company was 
set to launch their servicing project in 2015. The project failed for budget constraints but was an 
estimated 4 year project that was funded $280 million from Intel [9].  
Refueling in space is feasible in terms of technology with a few major breakthroughs still 
needing to happen. For example, the RRM project docked onto a much more massive object in 
lower orbit than would be seen in commercial refueling missions. Additionally, satellite 
manufacturers would have to transition to liquid hydrogen, or a refined Hydrogen peroxide as 
their fuel of choice. Long term missions such as a mission to mars would benefit greatly from 
fuel in space. Studies by NASA conclude that using lunar propellants could reduce the initial 
mass in lower earth orbit (IMLEO) by 22% [10] in the following figure: 
 
Figure I. Mass Breakdown of Crewed Martian Expedition. Adapted from "Extending the Satellite Life...with 
Gas Stations in Space?" GovSat. July 26, 2017. Accessed August 13, 2018 
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A reduction of 22% initial mass for a mission to mars would decrease its mass spacecraft by 424 
Mt, a significant launch cost reduction. The overall reduction in fuel is 225 metric tons or an 
equivalent of a $230,000,000 million dollar reduction in mission cost. Clearly, using fuel sourced 
from space is cost effective, but it may only be effective for long term missions requiring a lot of 
fuel.  
Hydrogen Fuel Cells: 
The international space station has a 3 hydrogen fuel cells running on similar principles as the 
electrolysis device. In the case of the fuel cell hydrogen is pumped into the anode and oxygen the 
cathode, where they combine in an electrolyte only allowing specific types of flows. Unlike a 
battery there is no metal electrode that degrades over time and it can run indefinitely as long as 
hydrogen and oxygen are supplied. Currently alkaline fuel cells are being used in which alkaline 
is the electrolyte allowing the reaction to occur. They are more efficient than PEM type fuel 
cells, but research is being made to make proton electrolyte membrane cells more efficient and 
cost effective. However, water is difficult to manage in these systems as it is attracted towards 
the cathode instead of leaving the system. Additionally, Platinum is the best known catalyst for 
slitting the hydrogen and oxygen molecule in the following reaction [11]. 
The problem however, is that platinum is sensitive to carbon dioxide and metal ions meaning that 
small exposure to these elements would cause system failure [11]. More advancements in the 
science of pemfc fuel types need to be made for them to replace the Alkaline Fuel Cell (AFC). 
Life Support: 
It is obvious that supplying sufficient amount of oxygen and water to maintain human life in 
outer space is one of the greatest challenges of space travel. For this reason, complicated systems 
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have been designed to accommodate human life. The ISS, for example, has a complex water 
recycling system functioning from principles found in electrolysis and battery design. Water is a 
byproduct of the reaction between hydrogen and oxygen in the fuel cells, and electrolysis splits 
the same byproduct. For this reason they can make the international space station a closed loop, 
creating and recycling water waste as it is produced. Although closed loop systems allow for a 
decrease in the resources used up, batteries do not operate under perfect efficiencies. Water and 
resources are eventually lost due to voltage drops and heat dissipation in fuel cells.  
Astronauts typically use up to .5 liters of water a day on the international space station [12]. 
Although it is not immediately a necessity for life support, water resources in space would allow 
for increased cargo on resupply missions to the international space station. Water could be 
additionally used for advancing other fields of technology in space, such as Botany. 
Radiation Shielding: 
Water having some of the most useful characteristics for sustaining life, also performs well as 
radiation shielding. Water is currently not used as radiation shielding due to the fact that it is 
heavy, and requires a high launch cost. Polyethylene is used instead and is 50% lighter. 
Radiation shielding is a difficult topic because more massive materials provide better shielding, a 
7 centimeter thick piece of polyethylene is only able to stop 30% of incoming radiation [12]. 
Astronauts typically lower exposure by simply reducing the lifetime of their missions. With a 
more massive radiation shield such as water being provided from space mission lifetimes could 
increase.  
A 7 centimeter layer of water is estimated to be able to half the oncoming radiation  [12]. Further 
increasing the wall thickness to 1 m would reduce radiation exposure to lower levels than is seen 
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on earth. With known methods astronauts are only able to spend 3-6 months in space to absorb 
reasonable dosages of radiation. Missions to Mars could, however, could last anything over 2 
years. Searching for viable, less massive means of shielding is important due to mission lifetime. 
If we could supply the resources from space, it may cost less than polyethylene with better 
performance too. Given that the polyethylene is 50% lighter than water, the cost to launch into 
space is half as expensive.  
The effectiveness of radiation shielding is typically categorized by its attenuation coefficient, 
which represents the mass of radiation absorbed per unit length, the following chart compares 
common methods of radiation shielding: 
 
  
Figure II. Absorption Quality of Radiation Shielding Materials. Adapted from Jon Rask, Wenonah Vercourtere, 
“Radiation Educator Guide” by, NASA 
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As photon energy is increased, it is shown that water is just as effective as polyethylene. Water 
could, on one hand, increase mission duration by 20% using 7cm thick estimate. A 6 month 
operation could be increased by an additional month and a week. Although this isn’t a significant 
increase, if water’s price per kilogram is reduced to below the cost for sending polyethylene into 
space it could prove to be a sufficient alternative. Most likely, water would be used in addition to 
other shielding methods, as it is necessary to send astronauts into space with some protection 
against radiation.  
Between the following space equipment, NASA has estimated that mining in space could save 
approximately $15 billion a year in a ten year space program by using material sourced in space 
[13]. The calculation only takes into account the cost saved in launch, and not the cost in 
developing such resources.  A successful mission would be able to operate under government 
funding to extend resources up to its full extent.  
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4. Asteroid Candidates 
 The Near Earth Orbit Search program directed at NASA Jet Propulsion Laboratory (JPL) 
identifies the characteristics of Earth’s NEA population.  Significant government funding was 
given to NASA to document 90% of the total NEA population. Since receiving funding the 
search program has found over 90% of total asteroid population [14]. Through observing the 
spectral properties of the asteroid ground based observers can identify the spin rate and mass of 
the orbital body. Additionally, the spectral type or absolute magnitude can be used to determine 
what class the asteroid belongs to.  
The following search criteria were used in conjunction with NASA’s accessible NEA 
search database to determine mission candidates.  
1. Absolute magnitude (H) must be between 24-26 to be considered 
carbonaceous asteroid [15] 
2. Diameter of target body must not exceed 100m in order to operate 
functionally with the onboard mining equipment 
3. The Delta-V budget cannot exceed a value of over 5 km/s to offset increase in 
payload mass 
4. Mass of the target body cannot exceed 100 tons   
5. Close approach within a 40 year timeline 
Using this criteria in the search engine it was easy to determine which candidates would 
be the best options for a retrieval mission.  
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Table I. Asteroid Candidate Data 
 
Table II. Continuation of Data Provided by JPL Search Database 
 These JPL NEO database proved to be an important resource in determining 
viable options for a retrieval mission. All the data collected in tables I and II were 
determined using ccd imaging technology on telescopes. The database also provides 
Delta-V budgets for the circularization NEO orbits.  The minimum Delta-V budget 
mission outlines a Hohmann trajectory while the min duration trip is a low thrust 
maneuver.  
 Candidates documented in the Easily Retrievable Asteroid study were also 
considered. Table III shows the asteroid population that the study determined viable 
options for transfer to L1 and L2 Lagrange points.  
Object Orbit ID H (mag) Estimated Diameter (m) OCC Min. delta-V [delta-V, dur.] (km/s), (d) Min. Duration [delta-V, dur.] (km/s), (d)
(2000 SG344) 16 24.7 20 - 89 3 3.556, 354 4.956, 154
(2018 PK21) 18 25.9 11 - 51 4 4.279, 354 4.980, 250
(2017 SV19) 7 25 17 - 78 5 4.892, 354 4.995, 346
(2006 BZ147) 12 25.4 14 - 65 3 4.184, 354 4.978, 306
(2001 FR85) 12 24.8 19 - 85 3 4.557, 354 4.982, 346
(2017 KP27) 2 25.8 12 - 54 6 4.529, 354 4.943, 338
(2017 BN93) 3 25.4 14 - 65 7 4.754, 202 4.964, 186
(2015 JD3) 11 25.5 14 - 62 4 4.999, 354 4.999, 354
(2016 WT7) 10 25.9 11 - 51 5 4.911, 354 4.911, 354
(2009 HC) 32 24.7 20 - 89 5 4.504, 354 4.956, 346
Viable Trajectories Next Optical Opportunity (yyyy-mm [Vp]) Next Arecibo Radar Opportunity (yyyy-mm [SNR]) Next Goldstone Radar Opportunity (yyyy-mm [SNR])
3,302,718 2028-04 [19.1] 2028-05 [3.e3] 2028-05 [58] bK00SY4G
2,848,975 2019-08 [20.9] 2019-10 [14] none bK18P21K
1,719,120 2028-09 [24.0] 2029-02 [420] none bK17S19V
1,672,928 2034-12 [19.5] 2035-02 [1500] 2035-02 [40] bK06BE7Z
1,618,605 2038-10 [21.1] 2039-03 [98] none bK01F85R
1,520,620 ? 2019-09 [19.6] ? none none bK17K27P
1,518,711 ? 2032-03 [21.5] ? none none bK17B93N
1,224,719 2027-05 [21.1] none none bK15J03D
821,398 ? 2033-03 [21.5] ? none none bK16W07T
554,669 2025-08 [22.9] 2025-10 [1200] 2025-10 [39] bK09H00C
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Table III. Easily Retrievable Asteroids. Adapted from D. Garcia, J.P Sanchez, and C.R. McInnes, “Easily 
Retrievable Objecgts Among The NEO Population”   
a – Aphelion 
e – Eccentricity 
 i – Inclination 
 MOID – Minimum orbit intersection distance 
 
 The Delta-V budget in the above figure is attributed to the transfer trajectory of the 
asteroid. Primarily, the asteroids documented in this study were not chosen because of the 
mission timeline of the study. The Easily Retrievable Object (ERO) study documented trips that 
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were possible in a 5 year timeline after being published. Since they are past the point of closest 
approach they are no longer viable mission targets. Additionally, the target trajectory of this 
study is not to capture the body at a Lagrange point. An Earth circular orbit would require less 
propellant to be expelled in the maneuver making it a better candidate for retrieval. Additionally, 
capturing an asteroid in a near earth circular orbit would allow for ease of transportation to other 
locations. The spacecraft, for example, could be pushed into its next desired orbit after successful 
extraction of materials.  
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5.  Mass Breakdown 
 Determining the payload is an important starting point in designing a mission in space. It 
allows for estimation of the total mass of the payload, which is a major contribution to launch 
costs. By determining the payload inside of the device a more accurate estimate for the vehicles 
initial dry mass can be calculated.  
In order to determine the scientific instrumentation needed for the retrieval mission 
previous spacecraft were studied. Technology Readiness Level (TRL) is considered to be the 
most important factor in this phase of the design process. TRL indicates on a scale from 1 to 9 
the extent to which the technology has been developed. Nine represents successful integration of 
subsystem while 1 is basic research.  Newer technologies are used in the mining stage meaning 
that developed technologies must be used in earlier stages. Instrumentation on the retrieval 
satellite must be able to determine the abundance of water on the target body. In studying 
imaging equipment used on satellites few missions stood out. NEA Scout, Dawn, and JAXA in 
particular provide significant framework for the instrumentation design of a retrieval spacecraft.  
NEA Scout is a mission designed by NASA to survey potential asteroid mining 
candidates. It uses Solar Sail technology to propel itself to its desired location, 1991 VG. Its 
imaging technology can accurately determine the spectral type and basic characteristics of the 
body (i.e mass, absolute magnitude). Although it is a good candidate, NEA Scout has a lower 
TRL than other imaging equipment considered. Additionally, the equipment doesn’t provide 
significant enough data to determine the abundance of water on the body. For both reasons NEA 
Scout’s imaging technology was not chosen.  
Hayabusa 2 is currently on its return mission from the asteroid Ryugu. The satellite 
successfully landed on the surface of the asteroid in 2018 and collected samples for a return 
mission. The onboard scientific equipment includes imaging technology used for the 
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confirmation of the body’s spectral type. Additional technology includes a spectroscope able to 
determine the body’s surface composition. Scientific instrumentation from JAXA was not used 
due to the experimental technology on the spacecraft. Flat high gain antennas are used in this 
spacecraft instead of a parabolic design. The added complexity of the system makes it a poor 
candidate for a retrieval mission until it has a higher TRL.  
The imaging technology that was determined to be the best match for an asteroid retrieval 
mission was the instrumentation used in the Dawn spacecraft. Dawn was used to study the long 
term effects of water on the surface of Ceres and Vesta. It used complex technologies giving a 
detailed description of the asteroid’s surfaces.  
 The Visual and Infrared Spectrometer (VIRS) is used to view light in wavelengths 
between 1-5um. Since both water and hydroxyl molecules are detected at 4um wavelength [16], 
the VIRS can be used to detect water on an asteroid. Spectrometers detect light reflected from 
the body meaning that it will only give an accurate description of the asteroids surface. The 
VIRS can be used to confirm the presence of water on the asteroid.  
 The Gamma Ray and Neutron Detector (GRaND) is another imaging technology used in 
the Dawn Spacecraft. The GRaND is primarily used to detect the abundance of major rock 
forming elements such as oxygen. In the Dawn mission it was able to determine the elemental 
structure up to 1m deep [17]. Using this instrument the spacecraft will be able to detect surface 
locations with the highest concentration of water.  
 Technology in the Dawn mission provides good framework for a retrieval mission 
because it has been used to complete more complex tasks. The Dawn mission provided accurate 
description and detection of water successfully on Ceres. Flying the same payload to Lower 
Earth Orbit will be significantly easier than sending the same payload 2.77 AU from Earth [18].  
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 The overall mass contribution of the instrumentation is documented below. 
 
Instrument Mass (kg) 
VIRS 9.3 
GRaND 25.95 
High Gain Antenna 10 
Low Gain Antenna 5 
Wiring + Controls unit 15 
Total 65.25 
Table IV. Instrumentation Mass Breakdown 
 An estimate of 5kg was added to the mass budget, this is seen as conservative as most 
units are self-contained. 10 kg was also added into the budget to account for microprocessors and 
navigational hardware. Using conservative estimates is important for minor technologies because 
the payload mass contributes to the overall dimensions of the satellite. It is always better to leave 
room for components that may have to be added in later iterations of the technology.  
 Optical mining equipment used to collect water from asteroids will also be included in 
the payload budget. Table V shows the mass breakdown of Trans Astra’s optical mining 
equipment. 
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Table V. Mass Breakdown of Optical Mining Equipment. Adapted From “Messier, D. (n.d.). Report Examines 
Benefits of Settling Space Using NEO Resources 
Typical design missions uses a density of 75 kg/m^3 to estimate the space occupied by 
instrumentation [19]. Using this estimation a box was designed to fit the instrumentation. 
Common structural materials used in spacecraft are skin stringer supports [20]. Skin stringers 
was chosen for this mission because of its high TRL and abundance of use in the space industry. 
Similar supports were used in the Dawn and Jaxa missions. Skin stringers have an area specific 
density of 9.1 kg/m^3, using this area density the mass of the bus structure was calculated to be 
2397.106 kg. Equation II was used to calculate area of the bus structure which was then used to 
calculate the volume. 
𝐴𝑟𝑒𝑎 = 6 ∗ 𝑙𝑒𝑛𝑔𝑡ℎ2 
Equation II. 
Using the mass calculation for the bus structure an overall vehicle dry and maximum wet 
mass can be determined. An iterative procedure was used with equation 2 in order to find the 
initial dry mass of the spacecraft. The procedure is described in more detail in the Appendix, 
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while the procedure here is basic methodology. 6km/s was used as a baseline Delta-V because 
none of the documented asteroids have larger energy budget than 5km/s. Designing a spacecraft 
that can achieve missions requiring more propellant is critical in ensuring sufficient propellant 
amount. Equation was used III to find propellant mass from the initial wet mass while equation 
IV was used to determine the dry mass.  
𝑚𝑝 = 𝑚0(1 − 𝑒
−∆𝑉
𝑔𝐼𝑠𝑝) 
Equation III. Propellant Calculation 
𝑚𝑓 = 𝑚𝑜 −  𝑚𝑝 
Equation IV. Final Dry Mass Calculation 
Mp = Propellant Mass 
g = Gravity 
m0 = initial wet mass 
mf = final dry mass 
Isp = Specific Impulse 
 
After determining dry mass, the volume of the propellant can next be calculated using the 
density of Xenon. The tank mass was then determined from the volume using a cylindrical 
pressure vessel. Final tank mass contributed to 194 kg to the final dry mass of the vehicle. Initial 
wet mass was changed until the difference between the dry mass and payload mass was larger 
than 700kg. This mass was used as a tolerance point because it would fit both the propellant 
tank, the mass of the thrusters listed in Table VI and the mass of the solar arrays.  
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Table VI. Propulsion Subsystem Mass Breakdown 
 The total spacecraft initial wet mass was calculated at 5000 kg with a final dry mass of 
3158kg. A breakdown of the final mass calculations for the spacecraft are documented in Table 
VII.  
 
Table VII. Total Wet Mass of Spacecraft 
 
 
 
 
 
 
 
Propulsion Subsystem Mass Unit Mass Qnty Mass(kg)
Component
NSTAR Thruster 4.5 2 9
NSTAR PPU 18.75 2 37.5
Gimbal(per thruster) 2 2 4
PPU Thermal 3 2 6
Fixed Feed 10 1 10
Feed Sys (Per Thruster) 2 2 4
Structure/Cabling (Per Thruster) 5.9 2 11.8
Subtotal 82.3
Component Mass (Kg)
Propulsion Subsystem 82
Instrumentation 62.55
Mining Equipment +Solar array 1872.67
Propellant 1887
Tank Mass 194
Structural Mass 900
Total 4998.22
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6. Launch Vehicle: 
The launch vehicle is an important stage of any mission into outer space. For this mission 
providers that carry spacecraft to Lower Earth Orbit were considered. In order to offset low TRL 
technologies used in the optical mining equipment only vehicles with TRL levels of 9 were 
considered as viable options. Launch vehicle selections were compared in Figure III. 
 
Figure III. Comparison of Launch Vehicle Options. Adapted From “Blue Origin Confirm Third Commercial 
Launch Partner for New Glenn.” (2017, September 27).  
 The Falcon 9 was chosen as the flight vehicle of choice because of its low total launch 
cost. Additionally, the spacecraft initial structural design fits well inside the volume of the 
Falcon 9’s payload. Atlas 5 was not considered due to the quantity of missions using this rocket 
being decreased in recent years. The Atlas 5 rocket is also a more expensive option that has 
flown less missions than the Falcon 9.  
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7. Orbital Mechanics 
 Determining the orbital characteristics for a mission to an asteroid is an important phase 
in the design process. Finding the propellant budget allows for calculation of tank sizing and cost 
estimations. In order to calculate the propellant budget an iterative approach was used in 
conjunction with the dry mass of the spacecraft. By using a fixed value for initial dry mass the 
Goal Seek function in excel can be used to find the propellant budget of the spacecraft. Using the 
resulting propellant mass the tank mass for the spacecraft can be calculated and compared with 
the estimated value of dry mass. Equation III was used in the Goal Seek function to analyze the 
chosen asteroid candidates.  
 In order to design a successful mission a range of orbital trajectories were studied. 
Hohmann transfers are elliptical orbits used in transfer between two circular orbits that require 
minimum energy or Delta-V. The lowest Delta-V maneuver provides an important mission 
baseline because it outlines the cheapest option for a retrieval mission. Hohmann transfer, 
however, are difficult maneuvers for electric propulsion type engines. Since there is a high 
velocity change when changing the orbit of the spacecraft, a liquid propelled engine is necessary 
to perform these maneuvers for a retrieval mission. Electric propulsion typically works in larger 
planetary transfers with a hohmann maneuver. It is not a viable option in this mission, however, 
because the spacecraft has to reach higher velocities in a shorter orbit. For that reason, in the 
calculation of propellant budget a liquid biprop engine was used in determination of propellant 
mass.  Hohmann transfers result in the following propellant budgets for missions to the chosen 
Near Earth Asteroids.  
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Table VIII. Propellant Budget for Bi-Propellant Engine 
Although hohmann transfer provide a feasible solution with liquid biprop engines it does 
not minimize the total mission cost. Since mass is a critical component determining the cost of 
the overall mission, the minimum value must be found. Using a low thrust trajectory, orbital 
maneuvers were minimized. A low thrust trajectory, although resulting in higher Delta-V budget, 
results in a lower total propellant mass for a retrieval mission. Since low thrust trajectories are 
designed for ion propulsion engines, a high isp reduces the propellant budget. The following 
mass budgets were calculated for the asteroid options listed in section [] using a low thrust 
trajectory. 
 
 
Table IX. Propellant Budget for Ion Propulsion Engine 
Object Min. Duration [delta-V, dur.] (km/s), (d)Propellant Mass (kg)
(2000 SG344) 4.956, 154 4310.13
(2018 PK21) 4.980, 250 4318.9
(2017 SV19) 4.995, 346 4324.4
(2006 BZ147) 4.978, 306 4318.2
(2001 FR85) 4.982, 346 4319.6
(2017 KP27) 4.943, 338 4305.3
(2017 BN93) 4.964, 186 4313.1
(2015 JD3) 4.999, 354 4325.8
(2016 WT7) 4.911, 354 4293.5
(2009 HC) 4.956, 346 4310.13
Object Min. delta-V [delta-V, dur.] (km/s), (d) Propellant Mass (kg)
(2000 SG344) 3.556, 354 1180.7
(2018 PK21) 4.279, 354 1387.8
(2017 SV19) 4.892, 354 1555.6
(2006 BZ147) 4.184, 354 1361.17
(2001 FR85) 4.557, 354 1464.77
(2017 KP27) 4.529, 354 1457.08
(2017 BN93) 4.754, 202 1518.43
(2015 JD3) 4.999, 354 1584.17
(2016 WT7) 4.911, 354 1560.68
(2009 HC) 4.504, 354 1450.2
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 The Delta-V budget used to calculate propellant and dry masses were determined from 
using low and high thrust trajectories. The JPL database of accessible Near Earth Asteroids 
provided the information for Delta-V budget. Moving an asteroid to earth circular orbit is the most 
cost effective solution for mining resources. Circular orbit requires the smallest amount of 
additional propellant to complete the maneuver. A contingency factor of 1km/s was added to the 
overall Delta-V budget of the highest energy asteroid. This budget was included to appropriately 
size the tanks for the largest possible mission. Designed tanks can then be filled to its necessary 
capacity for its respective mission. Propellant required for orbital control of the asteroid was also 
not included in the determination of tank mas. Liquid propelled rockets accumulate almost 4x the 
weight that electric thrusters used. For that reason, electric propulsion was decided as the most 
viable option for the mission.  
 Lagrange points were considered as other viable options for a retrieval mission. Libration 
zones are points in which the gravitational forces of major bodies reach equilibrium. For this 
reason the Trojan Asteroids are attracted towards points L4 and L5. Since Trojan asteroids 
mainly consist of carbonaceous chondrites they would make good candidates for retrieval. The 
issue with using lagrange points L4 and L6, however, is that they are AU form the earth [20]. In 
the pursuit of the mission with the highest feasibility, final propellant calculations were not made 
for Lagrangian capture.  
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8. Optical Mining 
 The biggest challenge of designing a mission to retrieve an asteroid is that new 
technology has to be developed in order to complete the mission. A majority of the equipment 
onboard the spacecraft is technology that is rated with a high TRL. Even with high TRL values on 
technologies used on the spacecraft mission success rates depend solely on the effectiveness of 
the mining equipment. Successful mining equipment will have the capability of extracting water 
in the form of hydrogen and oxygen or ice.   
One proposed method of extracting ice water from asteroids is called optical mining. 
This procedure uses a method called spalling to excavate resources from an asteroid. Water is 
heated on the rock and separated into condensation on the bags surface. This method currently 
has been tested for a 10 meter in diameter mirror capturing asteroids up to 8m in diameter. 
[21] 
Optical mining uses the large 10 meter in diameter mirror to concentrate sunlight into a 
small laser. The laser is then used in a technique called spalling, which heats hydrated mineral 
out of the asteroid and captures it inside of a “space bag”.[22]  
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Figure IV. Optical Mining Equipment Adapted From “Messier, D. (n.d.). Report Examines Benefits of Settling 
Space Using NEO Resources 
The hydrated resources are then captured in the bags shown in the top of the spacecraft using 
cryo-pumps. It has the capability converting approximately 100 tons of asteroid into usable 
resources [23]. An accurate description of the procedure is documented in the image below. 
 
Figure V. Spalling Demonstration Adapted From “Messier, D. (n.d.). Report Examines Benefits of Settling Space 
Using NEO Resources 
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 Optical mining is an important solution to the asteroid mining problem for several 
reasons. Using spalling, this method of mining separates constituents through changes in its 
composition. For that reason, there is no additional instrumentation needed to sort the 
elements into ice.   
 Mining rovers were also considered as an alternative method to mine materials from an 
asteroid. Rovers were not chosen as the final option because the mission destination is a 
smaller Near Earth Asteroid. If the target body was a larger asteroid rovers may have been 
considered for sorting debris. Additionally, this technology was not chosen because it adds 
mission complexity. Since rovers would have to land on the surface of the asteroid it would no 
longer be a contained system. It is significantly easier to have one system that controls the 
whole spacecraft. 
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9. Mechanical Design 
 Rough Drawings were made to determine the design of the spacecraft for sizing space 
inside the payload fairing. The bus structure itself contains both the scientific instrumentation 
and the optical mining equipment. Also, included in the design are the low and high gain 
antennas needed to be situated outside of the payload area for communication. The figure 
below shows the vehicle in its stowed position inside of the Launch Vehicle fairing. Next, the 
figure shows the spacecraft in its deployed position with solar array flared outwards.  
 
Figure VI. Spacecraft Configuration Stowed Inside Payload Fairing 
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Figure VII. Spacecraft Design with Unfurled Solar Arrays 
 The dimensions of the Launch Vehicle were found from a data sheet for the Falcon 9 
rocket on Space X’s rocket. A square structure was used for the body of the spacecraft for 
rotational simplicity. Since the body has equal lengths it spins about its Y-axis shown 
perpendicular to the solar array shown in the figure below. A cylindrical body is a more spin 
stabilized spacecraft in terms of moment of inertia. It was avoided in the mechanical design of 
the spacecraft, however, due to the low rotational velocity of Near Earth Asteroids [24]. 
Designing the body for simplicity allowed more time consideration into other factors such as 
the optical equipment.  
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10. Final Considerations 
Moon Base: 
It is often noted that the moon has large stores of water on the surface, seen in missions such as 
the BIRCH mission. The Lymann Alpha Mapping Project an ultraviolet spectrometer functioning 
in the range of 100-200 nm found that the abundance of water is 2-10% weight  [25] of the moon 
increasing by another percent in its poles. Hydrogen is found in both hydroxyl and water 
enriched silica similar to asteroids. The large stores of hydrogen on the lunar poles would 
provide perfect spots for a moon base extracting these resources.  
Another consideration in the moon as a potential space port is the fact that a mining operation 
would be easier on a much more massive object. The following figure shows a NASA effort to 
design a mining operation to produce liquid oxygen from lunar magnesium silicate material: 
 
Figure VIII. Mining Process for Water Electroylysis Adapted From Rosenberg, Sanders, and Robert Beegle. 
"The Onsite Manufacture of Propellant Oxygen From Lunar Resources." Accessed August 15, 2018. 
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The magnesium silicate is reduced with methane meaning that it is losing oxygen molecules and 
producing carbon monoxide which is further reduced in a lower temperature reaction. In this step 
hydrogen is used to extract the oxygen from the carbon monoxide to form water. The brilliance 
of this design is that the hydrogen used in the Carbon Monoxide reduction can be recycled 
through the process of electrolysis. The next figure shows the cost savings that would be 
produced from producing oxygen from the moon instead of sending it from the earth:  
 
Table X. Cost Savings Through Lunar Surface Mining. Adapted From Rosenberg, Sanders, and Robert Beegle. 
"The Onsite Manufacture of Propellant Oxygen From Lunar Resources." Accessed August 15, 2018. 
 
The potential cost savings show that every year could save a potential 147 million dollars a year, 
a cost savings that could exceed the potential of an asteroid mining operation.  
The difficulty in mining the moon however is that if propellant is the primary use it will have to 
overcome a 2.2 km/s42 delta-v budget meaning that the fuel is less valuable on the surface of the 
moon. The tradeoff however is that mining on the surface of a body is easier than mining a body 
orbiting in space. It is important to note, that the base could be used to conduct complicated 
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science missions pertaining to surviving on a harsh space environment. Additionally both 
radiation shielding life support can be made from lunar volatiles. Where a lunar base would save 
money by needing less mission phases it would spend it back in the cost of a massive mining 
operation consuming over 900 kW of power 41.  
Another notable factor concerning the moon is its large quantity of tritium on the surface. Since 
the earth is blocked by the sun’s radiation by the atmosphere we are shielded from helium 3 
being emitted through solar flare. The moon, however, has no atmosphere and is able to capture 
the helium 3 on its surface. Tritium is an important molecule because it is a proposed fuel used 
for nuclear fusion that has no toxic byproduct. The problem, however, is that nuclear fusion 
requires a large amount of energy and scientists haven’t found a way to produce more energy 
than consumed [26]. 
The difficulty with a moon base is that it is still unclear as to how dispersed the quantities of 
hydrogen and oxygen are on the surface [27]. Although it has been said to be located primarily in 
the poles, subtleties also suggest that it more dispersed than one might think when examining the 
data. The problem involved in an operation to mine the lunar surface would involve identifying 
locations in which water is at its highest abundance. Mining an asteroid is easier in this regard in 
that they are composed of higher percentages water meaning that net resources are almost 
guaranteed to reach high mass values. It definitely has its potential benefits over asteroid mining 
however, as they are both stretching the boundaries of what is possible in space.   
Metals: 
Although Rare Earth Metals are often proposed as potential resources candidates in space the 
premise of the idea is less feasible than extracting water. It is argued that value will be created by 
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taking a portion of the 95% ownership China has in the current market [28]. The problem with 
this however is that it is unclear whether the high introduced quantity of minerals would cause 
the material to lose its value. The benefits of Rare Earth Metals are also strictly for monetary 
gain and secondarily help the process of space exploration via progressing mining technology. 
Another reason this is not a feasible idea is that bringing a massive asteroid back into the 
atmosphere would cause understandable public concern and high velocities that engineers 
haven’t yet dealt with. Contents could be transported in parts but this would require missions 
back and forth from an asteroid which would be a costly operation for maintaining a mining 
company.  
Nickel and iron are two minerals that are also abundant on S-type asteroids. They can be 
additionally found on C-type asteroids. CH type asteroids can even have up to 40% of its mass in 
metals including nickel and iron [29]. Nickel and Iron are potential candidates for mining 
operations because they could be used to make giant structures in space. The cost in making this 
structures in space could be much lower than the launch cost in the case that the object is large 
enough. Methods have not yet been created that can properly manufacture in space but methods 
such as 3D printing has been. Since layers are connected primarily through the heat of the 
extruded material gravity isn’t a huge concern in this process. Currently, NASA has only been 
successful in printing ABS plastic in space [30] but metals follow a similar process and could 
prove successful.  
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11. Conclusion 
 After determining the overall mass of the structure being launched into space the cost 
estimation for the spacecraft is relatively simple. Since the mission plans to launch 5000 kg of 
payload into Lower Earth Orbit, the mass is multiplied by the launch cost per kilogram. Current 
estimations of the Falcon 9 rocket puts the cost at 4000 dollars per kilogram. Multiplying the 
two values together a total of 20 million dollars is expended in launch costs alone.  
 Launch cost provides a baseline or mission cost, although it doesn’t factor in the amount 
of money spent on Research and Design, it represents the minimum cost to design a mission. 
Typical missions to Mars can cost upwards of 500 million dollars meaning that a mission to 
mine a Near Earth Asteroid is potentially feasible. The danger of launching a mission to an 
asteroid, however, is that the TRL of the optical mining equipment is too low. Before 
technology is used on a major design mission, it needs to be tested in space. Successful testing 
would increase the TRL from 1 to 9, the highest score. Although asteroid mining will be possible 
in the near term future, it is unlikely that any missions will happen until the technology is 
further developed.  
Once successful technology has been tested, the possibilities for asteroid capture are 
endless. The relatively simple design can be upscale to provide more power to the mining 
equipment. By making the parabolic mirror larger, the equipment would be able to mine larger 
asteroids. Completion of mining a NEA would mean that mining Trojan asteroids would be 
possible in the future. Trojan asteroids are important future candidates because they are 
located in the Lagrange points L4 and L5 situated near Jupiter’s orbit. Using the Lagrange point 
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as a fuel outpost, would provide massive benefits towards mars colonization. Launch costs 
would be reduced significantly because only a fraction of life support technology needs to be 
transported into space with the crew.  
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Appendix 
Table A.1 Excel Spreadsheet Used for Mass Breakdown Calculation with Rocket Equation and Tank data 
 
Rocket Equation:
I_sp = 1500 seconds Specific Impulse
M0 = 6000 kg Initial Wet Mass
Delta_v = 4956 m/s Delta-V
Mf = 2653 kg Final Mass
Contingincy Factor  1.1
Mp = 1887.25536 kg Propellant Mass
I_total = 27770962.62 N-sec Total Impulse 
Propellant Tank Sizing
Mp = 1841.69 kg Mass to be stored
Propellant Hydrazine
Density 5.761 gms/cm^3
5761 kg/m^3
Volume 0.319682347 m^3
319682.3468 cm^3
19508.19963 in^3
11.28948617 ft^3
Tank Design
Name Density (kg/m^3) s_ult (Mpa)
Wall Material Ti-6AI-4V 4430 900
Safety Factor 2
Operational Pressure 4000 psia 
27.57904 Mpa
Mass Factor 1.25 PMD mounting etc. 
Spherical Tank
Internal Radius 0.45 m
17.716545 in
Surface Area 2.544615 m^2
Internal Volume 0.38169225 m^3
381692.25 cm^3
23292.27336 in^3
Wall Thickness 0.01378952 m
0.542894781 in
Tank Mass 194.3054451 kg
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Note: Variables in red represent variables that are changed by the user while variables in black are changed by 
user defined functions.  
 
 
Cylindrical Tank with Spherical Endcaps
Internal Radius 0.5 m
Aspect Ration (L/r) 3.5 Dimensionless
Surface area of endcaps 3.1315
Surface Area (cylinder) 5.497625
Internal Volume 1.897989583 m^3
1897989.583 cm^3
115822.3469 in^3
Xenon_Mass 667252.5407
Wall Thickness Cylinder Sphere
0.030643378 0.015321689 m
1.206432847 0.603216424 in
Tank Mass 1198.567889 kg
Multiple Tank Calculator
Number of tanks 3
Spherical tank 0.12723075 m^3
127230.75 cm^3
7764.091119 in^3
Radius 0.312012577 m
in
Cylindrical tank with Spherical Endcaps
Volume/tank 0.632663194 m^3
632663.1944 cm^3
38607.44898 in^3
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Mass Breakdown Calculation 
1. Determine payload mass 
2. Determine structural mass resultant of payload  using area density and spacecraft 
density 
3. Add structural mass, payload mass, and estimate for tank mass (estimates will change 
each iteration) and use goal seek to find initial mass using rocket equation 
4. Spreadsheet produces value for propellant mass, use spreadsheet to solve for tank mass 
5. Use tank mass to check if correct final dry mass was used. The estimate must be smaller 
than the value of structural mass + payload mass + actual tank mass for the correct dry 
mass. New tank estimate is made and the process is repeated in the case of incorrect 
estimation. 
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